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Serpentinization is a widespread geochemical process associated with aqueous
alteration of ultramafic rocks that produces abundant reductants (H2 and CH4) for
life to exploit, but also potentially challenging conditions, including high pH, limited
availability of terminal electron acceptors, and low concentrations of inorganic carbon.
As a consequence, past studies of serpentinites have reported low cellular abundances
and limited microbial diversity. Establishment of the Coast Range Ophiolite Microbial
Observatory (California, U.S.A.) allowed a comparison of microbial communities
and physicochemical parameters directly within serpentinization-influenced subsurface
aquifers. Samples collected from seven wells were subjected to a range of
analyses, including solute and gas chemistry, microbial diversity by 16S rRNA gene
sequencing, and metabolic potential by shotgun metagenomics, in an attempt to
elucidate what factors drive microbial activities in serpentinite habitats. This study
describes the first comprehensive interdisciplinary analysis of microbial communities
in hyperalkaline groundwater directly accessed by boreholes into serpentinite rocks.
Several environmental factors, including pH, methane, and carbon monoxide, were
strongly associated with the predominant subsurface microbial communities. A single
operational taxonomic unit (OTU) of Betaproteobacteria and a few OTUs of Clostridia
were the almost exclusive inhabitants of fluids exhibiting the most serpentinized
character. Metagenomes from these extreme samples contained abundant sequences
encoding proteins associated with hydrogen metabolism, carbon monoxide oxidation,
carbon fixation, and acetogenesis. Metabolic pathways encoded by Clostridia and
Betaproteobacteria, in particular, are likely to play important roles in the ecosystems
of serpentinizing groundwater. These data provide a basis for further biogeochemical
studies of key processes in serpentinite subsurface environments.
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INTRODUCTION
The Earth’s subsurface is predicted to be an expansive habitat
for microorganisms (Whitman et al., 1998; Edwards et al.,
2012; Kallmeyer et al., 2012). Unlike surface biomes, the
subsurface is largely decoupled from photosynthetic primary
production; instead, many subsurface ecosystems are influenced
by carbon and energy liberated from the Earth’s mantle and
crust. However, given the inherent lack of accessibility, direct
sampling of subsurface, rock-hosted environments has been
limited. In continental settings, researchers have used caves
(Northrup and Lavoie, 2001; Engel et al., 2004), mines (Onstott
et al., 2003; Chivian et al., 2008), springs (Brazelton et al., 2012,
2013; Suzuki et al., 2013; Cardace et al., 2015), and isolated
boreholes (Stevens and McKinley, 1995; Itävaara et al., 2011)
as windows into the subsurface environment. These features
grant access to an otherwise inaccessible environment, but they
represent opportunistic sampling locations. In the present study,
a series of wells were drilled directly into serpentinization-
influenced aquifers of the Coast Range Ophiolite, a portion
of ancient seafloor in northern California, USA, to sample
microbial communities in serpentinizing rocks and groundwater.
This observatory represents the first opportunity to investigate
microbial communities with direct access to the range of
conditions in the serpentinizing subsurface (Cardace et al.,
2013).
Serpentinization is a widespread geochemical process
involving the aqueous alteration of peridotite to serpentine
minerals, resulting in an abundance of potential reductants, in
the form of hydrogen, methane, and small organic molecules
(McCollom and Seewald, 2007; Proskurowski et al., 2008;
Schrenk et al., 2013). Serpentinization also releases hydroxyl
ions, which creates extremely high pH fluids (pH > 10). At
high pH, bicarbonate and carbonate are the dominant species of
dissolved inorganic carbon (DIC), and the latter can precipitate
out of solution as carbonate minerals when in the presence of
divalent cations, such as Ca2+ and Mg2+ commonly found in
serpentinite fluids. Thus, fluids associated with serpentinization
are characteristically low in DIC, particularly dissolved CO2.
Compared to the abundance of reductants in these systems,
there is a lack of corresponding oxidants, which likely limits
the range of potential microbial metabolisms. Thus subsurface
serpentinite environments are characterized by unusual
challenges to life, such as extreme pH (>10), limited availability
of dissolved carbon, and a lack of potential terminal electron
acceptors.
The best-characterized serpentinite-hosted microbial
ecosystem to date is the Lost City Hydrothermal Field, located
15 km from the Mid-Atlantic Ridge (Kelley et al., 2005). The
tall carbonate chimneys at Lost City are dominated by methane-
cycling archaea in the anoxic chimney interiors (Schrenk et al.,
2004) and by methanotrophic and sulfur-oxidizing bacteria in
the chimney exteriors (Brazelton et al., 2006). More recently,
researchers have started exploring life within continental
serpentinite environments by using natural springs, such as the
Tablelands Ophiolite in Newfoundland, Canada (Brazelton et al.,
2012, 2013) and The Cedars site in northern California (Suzuki
et al., 2013, 2014), or previously established wells, such as at the
Cabeço de Vide Aquifer (CVA) in Portugal (Tiago and Veríssimo,
2013). In these studies of continental serpentinite sites, microbial
communities were dominated by clades of Betaproteobacteria
and Firmicutes (Schrenk et al., 2013).
Surveys of the Tablelands Ophiolite suggest that subsurface
serpentinite communities are dominated by Erysipelotrichia, a
class within the phylum Firmicutes, in the deep, anoxic source-
waters and microaerophilic H2-oxidizing Betaproteobacteria
at the shallow, oxic/anoxic interface (Brazelton et al., 2013).
Microcosm experiments from the Coast Range Ophiolite
Microbial Observatory (CROMO), the location of this study,
have indicated that Betaproteobacteria closely related to
Hydrogenophaga pseudoflava and Clostridia (phylum Firmicutes)
closely related to Dethiobacter alkaliphilus, are stimulated by
small organic molecules that are expected to be available in
the serpentinite environment (Crespo-Medina et al., 2014).
Furthermore, recently published genomes of cultivated isolates
of the proposed genus Serpentinomonas, which are most closely
related to the genus Hydrogenophaga, are consistent with a role
for these organisms at oxic/anoxic interfaces in serpentinizing
systems (Suzuki et al., 2014).
While these previous studies suggest that distinct microbial
communities inhabit different physico-chemical regimes in
serpentinizing groundwater, these relationships have not
yet been studied directly. Furthermore, little genomic or
metagenomic data for organisms other than Serpentinomonas
are available from serpentinizing environments. This study
combines environmental 16S rRNA gene sequencing, shotgun
metagenomic analyses, and geochemical monitoring across a
range of conditions in order to relate patterns in microbial
diversity and metabolic potential to underlying geochemical
processes in serpentinite subsurface environments. This work
improves our understanding of the physiology and ecology of
the dominant bacteria in these ubiquitous ecosystems, and it will
facilitate our integration of these systems into models of carbon
cycling.
MATERIALS AND METHODS
Site Description and Sample Collection
The Coast Range Ophiolite is a 155–170 million year old ophiolite
located in northern California, containing numerous calcium-
hydroxide rich springs, indicating serpentinizing activity below
the surface (Barnes and O’Neil, 1971). The CROMO, which
is located at the UC-Davis McLaughlin Natural Reserve in
Lower Lake, CA and was established in August 2011 and using
clean drilling techniques to enable subsequent monitoring of the
microbial communities and associated geochemistry within the
serpentinite subsurface (Cardace et al., 2013). CROMO consists
of two sets of wells located 1.4 km apart: the Core Shed Wells
(CSW), and the Quarry Valley wells (QV). CSW consists of five
wells, drilled to depths between 9 and 31 m. QV consists of three
wells, drilled to depths between 15 and 46 m.
Preliminary lithostratigraphic interpretations of CROMO
cores indicate that both sites (CSW and QV) are characterized
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by intercalated serpentine-rich units with variable contributions
of other clay minerals; lizardite and magnetite are common
in serpentine-rich units (Cardace et al., 2013). At specific
intervals, minerals indicative of altered mafic rocks (e.g., albite,
chlorite, quartz, rarely calcite) co-occur with serpentine minerals,
such as at ∼28 m depth at the primary CSW site (CSW1.1),
and at 18–22 m and 34–36 m depth at the primary QV site
(QV1.1). Very thin serpentine-rich soil cover exists at the QV1.1
site (<1 m), while ∼4 m of soil cover occurs at CSW1.1
(Cardace et al., 2013). Taken together, these data indicate that
CROMO scientific monitoring wells sample fluids interacting
with tectonically reworked ultramafic units very near the surface,
with some entrainment of altered mafic materials from adjacent
units of the Coast Range Ophiolite.
The samples described here were collected from seven wells
at CROMO in August 2012. For the current study, well
QV1.3 was not sampled due to complications with sediments
clogging the filters. Well fluids were collected using positive
displacement Teflon bladder pumps (Geotech Environmental
Equipment, Denver, CO, USA) and pumped through a YSI 3059
flow cell fitted with a YSI 556 multiprobe (Yellowsprings, OH,
USA), which measured water temperature, specific conductance,
pH, dissolved oxygen (DO) and oxidation-reduction potential
(ORP) once the DO measurement stabilized at a minimum
value. Samples were collected for dissolved gas analyses
(CH4, CO, and H2) and aqueous phase species (DIC and
organic acids), as previously described Crespo-Medina et al.
(2014).
For DNA analyses, fluids were filtered through a 0.22 µm
Sterivex filter cartridge (Millipore, Billerica, MA, USA) using
a Masterflex E/S peristaltic pump (Cole Parmer, Vernon Hills,
IL, USA). Field replicate samples, ranging between two to eight
filters per well, were collected in succession (labeled A, B, C, etc.).
Sterivex filter cartridges were flash frozen with liquid nitrogen
and stored at −80◦C until DNA extraction. For microbial
cell quantification, replicate samples of 45 mL of fluids were
preserved at a final concentration of 3.7% formaldehyde and
stored at 4◦C. All publicly available data generated from this
project can be found1.
Geochemistry
Dissolved gasses (H2, CH4, and CO) were extracted into an inert
(N2) gas phase of known volume and analyzed for CH4 via
a SRI 8610C GC-FID and dissolved H2 and CO with a Trace
Analytical RGA3 Reduced Gas Analyzer. DIC was measured by
acidifying a known volume of well fluid within a sealed vial, and
analyzing the concentration of liberated CO2 in the headspace
by GC-FID (SRI 8610) following passage through a “methanizer,”
which catalyzes the in-line conversion of CO and CO2 to methane
in the presence of H2 over a heated Ni catalyst, thus allowing
sensitive detection of these species by flame ionization detector
following their separation by gas chromatography. Organic
acid samples were analyzed by HPLC with UV/VIS detection,
following derivatization with 2-nitrophenylhydrazide (Albert and
1https://nai.nasa.gov/research/data-sharing/
Martens, 1997). All sample vials were analyzed with duplicate
injections.
Microbial Cell Counts
Fluids preserved for cell counts were filtered through 0.2 µm
black polycarbonate filters (Millipore, Billerica, MA, USA). The
cells were stained with 1 µg/ml of 4′,6-diamidino-2-phenylindole
(DAPI) and were counted by epifluorescence microscopy using
appropriate filter sets according to previously published protocols
(Hobbie et al., 1977; Schrenk et al., 2003).
DNA Extraction
DNA extractions from Sterivex filter cartridges were performed
by lysis via freeze/thaw cycles and lysozyme/Proteinase K
treatment and purified with phenol-chloroform extractions,
precipitation in ethanol, and further purification with
QiaAmp (Qiagen, Hilden, Germany) columns according to
the manufacturer’s instructions for purification of genomic
DNA, as described previously by Brazelton et al. (2013).
16S rRNA Gene Amplicon Sequencing
and Data Analysis
Samples were submitted to the DOE Joint Genome Institute
(JGI) for 16S rRNA amplicon sequencing of the V4 region
on an Illumina MiSeq instrument, as described by Caporaso
et al. (2011). Briefly, the amplification reaction contained 5
PRIME’s HotMasterMix, custom V4 16S rRNA gene primers,
and Illumina sequencing adapters and unique barcodes. The
individual amplicon libraries were quantified, normalized, and
pooled. The pooled multiplex reactions were then quantified
using KAPA Biosystem’s next-generation sequencing library
qPCR kit and run on a Roche LightCycler 480 real-time PCR
instrument. The quantified, multiplexed amplicon pool was then
loaded on an Illumina MiSeq instrument utilizing the v3 reagent
mix and a 2× 300 indexed recipe mix.
Sequence reads were aligned to the SILVA SSURef alignment
(v119), and taxonomic classifications were assigned using mothur
(Pruesse et al., 2007; Schloss et al., 2009). Sequences were
clustered into operational taxonomic units (OTUs) at the 3%
distance threshold using the cluster.split command and the
average-neighbor clustering algorithm in mothur (Schloss and
Westcott, 2011). Prior to calculating measures of diversity,
data were subsampled to the sample with the fewest sequences
(77,580). Beta (between sample) diversity of the microbial
communities was assessed by calculation of the Bray–Curtis
index and displayed in a multi-dimension scaling (MDS) plot
with geochemical data overlay in Primer-6 (Clarke, 1993; Clarke
and Gorley, 2006). Alpha (within sample) diversity was assessed
with the Inverse Simpson diversity index and rarefaction analysis.
Sequence identification of reads belonging to the top OTUs
compared with 16S rRNA sequences from other serpentinite
studies (Brazelton et al., 2013; Suzuki et al., 2013; Tiago and
Veríssimo, 2013) was performed using MatGAT with the default
settings (Campanella et al., 2003). The 16S rRNA sequence data
are publicly available in the NCBI Sequence Read Archive under
the accession number SRA280854.
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Metagenomic Sequencing and Data
Analysis
Samples were submitted to JGI for metagenomic sequencing
on an Illumina HiSeq2000 instrument, as described by Hawley
et al. (2014). Briefly, 200 ng of DNA was used for each sample
and sheared to 270 bp fragments via a Corvaris LE220 focused-
ultrasonicator and size selected by SPRI. Fragments were then
end-repaired, A-tailed, and ligated with Illumina-compatible
adapters with barcodes unique for each library. Libraries were
quantified with KAPA Biosystem’s next-generation sequencing
library qPCR kit and run on a Roche LightCycler 280 real-
time PCR instrument. Quantified libraries were combined into
10-library pools and prepared for sequencing on the Illumina
instrument in one lane each, using the TruSeq paired-end cluster
kit (v3) and Illumina’s cBot instrument to generate clustered
flowcells, which were sequenced on the Illumina HiSeq2000
sequencer using TruSeq SBS sequencing kit v3 and a 2 × 150
indexed run recipe.
Metagenomic assembly was conducted by JGI as described by
Hawley et al. (2014) and briefly described again here. Raw reads
were trimmed with a minimum quality score cutoff of 10, and
the trimmed paired-end reads were assembled with SOAPdenovo
v1.05, with the default settings and a variety of kmers (i.e., 81, 85,
89, 93, 97, 101; Luo et al., 2012; Hawley et al., 2014). Contigs were
sorted into pools based on length: contigs< 1800 bp were further
assembled by Newbler (Life Technologies, Carlsbad, CA, USA)
and contigs > 1800 bp, including those produced from Newbler
run, were combined using minimus 2 (flags:−D MINID= 89 –D
OVERLAP= 80; Sommer et al., 2007). BWA was used to estimate
read depth, based on mapping of trimmed, screened, paired-end
Illumina reads to assembled contigs (Li and Durbin, 2009). These
data are publicly available in the JGI IMG/M database2 under
the project IDs: 1021918, 1021921, 1021924, and 1021927; and in
the MG-RAST database (Meyer et al., 2008) under the following
sample IDs: 4569549.3, 4569550.3, 4569551.3, and 4569552.3.
The Prokka pipeline (Seeman, 2014) was used for gene
prediction and functional annotation of contigs. The
arguments –metagenome and –proteins were used with
Prokka v.1.12 to indicate that genes should be predicted with the
implementation of Prodigal v.2.6.2 (Hyatt et al., 2010) optimized
for metagenomes. Predicted protein-coding sequences were
aligned to the last free version (2011) of the Kyoto Encyclopedia
of Genes and Genomes (Ogata et al., 1999) using BLASTP v2.3,
and any coding sequences that remained un-annotated were
then aligned to Prokka’s default databases. Predicted protein
abundances (in units of reads per kilobase) were calculated with
HTSeq v.0.6.1 (Anders et al., 2014), and the final normalized
coverage was calculated by normalizing to the total number of
bases in the smallest metagenome.
To assign taxonomy to specific contigs of interest, a consensus
taxonomic classification was manually determined by examining
the taxonomic classifications associated with the best BLAST
hits for each predicted gene. Specifically, for each contig-of-
interest, all (Prokka-predicted) coding sequences (CDSs) on
2www.img.jgi.doe.gov
the contig were aligned against the NCBI NR database (v.
2016-10-01), and the taxonomy of the best hit was taken to
be the taxonomy of the CDS. The taxonomy of the whole
contig was manually determined by identifying the lowest
common ancestor on the NCBI Taxonomy Tree where half of
all CDS taxonomic assignments agreed (Hanson et al., 2016).
The full list of CDS taxonomic assignments can be found in
Supplementary Dataset S1.
Statistical Analyses
Correlation network analyses were constructed from statistically
significant pairwise Pearson’s correlations among environmental
variables and sequence data (Fuhrman and Steele, 2008) and
visualized in Cytoscape v 2.8.3 (Shannon et al., 2003). A matrix
containing environmental data and relative OTU (97% similarity)
abundance for each sample was used as input for pairwise
Pearson’s correlation analysis computed with the rcor.test
function in the R package lmt (Rizopoulos, 2006). The false-
discovery rate (q-value) was computed for the distribution
of Pearson’s p-values to account for multiple tests. Pairwise
correlations with both p- and q-values of <0.05 were considered
significant and included in network analyses. Network models
of significant correlations were created using Cytoscape v2.8.3
(Shannon et al., 2003).
The ANOSIM test using a Bray–Curtis resemblance matrix,
with sequence data subsampled to 77,580 sequences (the size
of the smallest 16S rRNA amplicon library), was used to test
whether individual environmental parameter categories had
significant effects on the community composition of samples
(Clarke, 1993). To statistically determine which combinations of
numerical environmental variables best described the community
composition variation within the dataset, the BEST analysis was
performed in PRIMER-6 (Clarke, 1993; Clarke and Gorley, 2006).
RESULTS
Sampling Site and Geochemistry
Fluids were collected from seven wells within the CROMO, which
were drilled for the purpose of monitoring biogeochemistry
and microbial community dynamics with high temporal and
spatial resolution (Cardace et al., 2013). To identify which
bacterial taxa are most influenced by geochemical indicators
of serpentinization, geochemical and microbiological data from
these seven wells were compared.
Geochemical data associated with the well fluids from August
2012 are summarized in Table 1. Samples from wells CSW1.1
and QV1.1 are characterized by extremely high pH (12.2 and
11.5, respectively) and generally reducing character (Table 1).
These wells are depleted in DIC, containing one to two orders
of magnitude less DIC than a nearby well with circumneutral pH,
CSW1.4 (Table 1). CSW1.1 also had higher concentrations of H2
and organic acids, relative to the other wells (Table 1). QV1.1, the
deepest well, contained the highest cell abundance and exhibited
the lowest dissolved O2 measurement. Wells CSW1.4 and QV1.2
exhibited circumneutral pH, low conductivity and higher DIC
(Table 1) than the other wells. These circumneutral pH wells
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TABLE 1 | Environmental and geochemical parameters associated with samples collected in August 2012.
CSW1.1 CSW1.2 CSW1.3 CSW1.4 CSW1.5 QV1.1 QV1.2
Depth (mbs) 31.1 19.2 23.2 8.8 27.4 45.7 14.9
Temp (◦C) 17.2 18.5 16.9 15.2 16.2 17.9 18.4
pH 12.2 9.3 10.1 7.9 9.7 11.5 7.9
ORP (mV) −284 −32 −83 −35 −121 −155 −30
DO (mg/L) 0.05 0.41 0.06 1.05 0.03 0.03 0.03
Conductivity (µS/cm) 5200 3710 4500 1560 4220 2068 1655
DIC (µM) 253 ± 8 605 ± 268 172 ± 16 5046 ± 531 545 ± 13 96 ± 2 979 ± 32
Dissolved H2 (µM) 0.289 ± 0.004 0.140 ± 0.001 0.283 ± 0.018 0.271 ± 0.013 0.138 ± 0.020 0.075 ± 0.001 0.076 ± 0.009
Dissolved CH4 (mM) 0.524 ± 0.132 1.625 ± 0.055 0.969 ± 0.529 0.002 ± 0.0003 1.266 ± 0.032 0.301 ± 0.021 0.303 ± 0.030
Dissolved CO (µM) 0.089 ± 0.002 0.158 ± 0.001 0.115 ± 0.013 0.187 ± 0.005 0.124 ± 0.008 0.142 ± 0.004 0.150 ± 0.008
Acetate (µM) 70.79 ± 1.26 <1.55 <1.55 <3.04 <3.04 10.20 ± 0.33 <2.01
Formate (µM) 15.74 ± 0.99 <1.39 <1.39 <1.79 <1.79 <1.39 <2.23
Propionate (µM) 3.49 ± 0.003 <0.01 <0.01 <0.01 <0.01 0.16 ± 0.05 0.22 ± 0.01
Butyrate (µM) 20.99 ± 0.45 <1.11 <1.11 <2.75 <2.75 5.97 ± 0.30 <1.89
Microbial cells (cells/mL) 1.8 × 105 6.6 × 105 2.3 × 105 1.0 × 105 3.9 × 105 1.0 × 106 9.5 × 105
Values reported are averages of replicate measurements taken throughout sampling. Specific parameter values associated with specific field replicate samples can be
found in Supplementary Figure S2.
also had elevated concentrations of H2 and CO comparable to
the wells with higher pH. CSW1.2 (pH 9.3) had the highest
concentration of methane (1.6 mM; Table 1).
Unsurprisingly, many of the environmental parameters
of the system (Table 1) were correlated with one another
(Supplementary Table S1). Higher pH was correlated with more
negative ORP, and lower concentrations of carbon monoxide
(CO), DO, and DIC, and was positively correlated with depth
and organic acid concentration (Supplementary Table S1). The
concentrations of the organic acids acetate, formate, propionate,
and butyrate were all positively correlated with one another and
were negatively correlated with ORP (Supplementary Table S1).
CO concentration was positively correlated with ORP (i.e.,
positively correlated with a more positive ORP value) and
DO, and was negatively correlated with conductivity and H2
concentration (Supplementary Table S1). The concentration
of methane was not significantly correlated with any other
environmental parameters.
16S rRNA Gene Diversity and Community
Composition
Bacterial diversity was assessed in fluids collected in August
2012 from the seven CROMO wells. Environmental sequences
of 16S rRNA gene amplicons were obtained with an Illumina
MiSeq platform, yielding between 78,000 and 179,000 merged
paired-end sequences per sample, for a total of 2,528,572 16S
rRNA sequences in this study. These sequences were clustered
into 11,454 OTUs at a 97% sequence similarity threshold, and
only 30 of these OTUs comprised greater than 1% of the
sequences in any of the samples analyzed. All diversity analyses
in this study were conducted with OTUs, instead of relying
solely on taxonomic annotations, in order to avoid the biases
and limitations inherent to database-dependent classifications
that are magnified when studying poorly characterized microbial
communities. Field replicates of samples were collected and
analyzed in parallel and were statistically indistinguishable from
one another, as determined by a SIMPROF test of community
similarities among all samples (Supplementary Figure S1).
The community compositions of samples from different wells
were clearly distinct from each other (ANOSIM, R = 0.96,
p-value= 0.001).
Alpha diversity of the samples, as measured by the
Inverse Simpson diversity index, decreased with increasing
pH (Figure 1). The wells with the highest pH, CSW1.1 and
QV1.1, exhibited extremely low diversity, containing almost
exclusively Betaproteobacteria and Firmicutes (Figure 1). Well
CSW1.1 was dominated by a single betaproteobacterial OTU
(OTU001), classified as a member of family Comamonadaceae
with 100% sequence identity over 250 bp of the 16S rRNA
gene’s V4 region (calculated with MatGAT) to strain B1 from
the proposed genus Serpentinomonas isolated from The Cedars
serpentinite site (Suzuki et al., 2014; Table 2). The second
most abundant OTU in CSW1.1 (OTU018), which comprised
12.5 ± 5.8% of the sequences from that well, was classified
as Thermoanaerobacterales SRB-2, and exhibited 99% sequence
identity to a Clostridia clone from a well in Cabeço de Vide
(CVA) in Portugal (Tiago and Veríssimo, 2013; Table 2). The
third most-abundant OTU detected in CSW1.1 (OTU002), which
accounted for only 1% of the sequences from that well, was
classified as Dethiobacter, and shared 100% sequence identity
to a clone from CVA (Tiago and Veríssimo, 2013; Table 2),
enriched in a microcosm from CROMO (Crespo-Medina et al.,
2014), and a clone from the deep groundwater site at The Cedars
(Suzuki et al., 2013). The remaining 29.0 ± 5.3% of the CSW1.1
microbial community was made up of rare species, defined as
OTUs comprising less than 1% of the total sequences in any
sample.
Well QV1.1 was dominated by three Clostridia OTUs
(OTU003, OTU002, and OTU007) that together accounted
for 47.1 ± 13.4% of the bacterial community (Figure 1).
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FIGURE 1 | Inter-well community composition comparison from August 2012. OTUs were formed at the 97% similarity level in mothur using the
average-neighbor algorithm. Bars indicate individual OTUs and are color-coded by Phlyum/Class: β-proteobacteria (red), Firmicutes (blue), α-proteobacteria (green),
δ-proteobacteria (orange), γ-proteobacteria (purple), and Actinobacteria (teal). Other (gray bars) represents any OTUs making up <1% of all samples in the dataset.
Samples are organized by pH (ANOSIM: R = 0.66, p-value < 0.05). Replicates represent field replicate samples collected in successive order on the day. The
numbers in parentheses beside the sample names represent the Inverse Simpson diversity index.
Both OTU003 (classified as Thermoanaerobacterales SRB-2) and
OTU002 (classified as Dethiobacter) exhibited 99–100% sequence
identity to clones from CVA in Portugal (Tiago and Veríssimo,
2013; Table 2). The same betaproteobacterial OTU from CSW1.1
(OTU001) made up 28.5 ± 12.9% of the QV1.1 community,
and the remaining bacterial taxa were rare, accounting for
24.3 ± 1.6% of the community (Figure 1). A time-series analysis
of samples collected quarterly from QV1.1 (data not shown)
indicated that community composition within wells is relatively
constant over time, with no significant difference between time
points (ANOSIM, R= 0.2, p-value= 0.902).
While Betaproteobacteria made up a large proportion of all
samples above neutral pH, the diversity and composition of
the Betaproteobacteria shifted with pH (Figure 1). As expressed
above, OTU001 made up 42.7 ± 17.6% of the extremely high
pH wells. However, in samples with pH ≤ 10, OTU001 was
replaced by OTU004 (classified as Comamonadaceae and 100%
identical to Alicycliphilus denitrificans; Table 2) and OTU008
(classified as Azonexus hydrophilus; Table 2) as the dominant
betaproteobacterial taxa.
Clostridia, which accounted for up to 64% of the bacteria in
the highest pH fluids, were also found in the moderately high
pH wells (defined here as wells with pH 8.5–10). Dethiobacter
OTUs made up 13.9 ± 10.1% of samples with a pH 9.5–
11.0. Erysipelotrichia (another class of the phylum Firmicutes)
made up 8 and 2% of CSW1.5 (pH 9.7) and CSW1.2 (pH 9.3),
respectively, but was not detected in any other CROMO samples.
OTUs classified as Thermoanaerobacterales SRB-2 were detected
in QV1.2, as well as CSW1.1 and QV1.1. No Firmicutes OTUs
were detected in the wells with pH less than 9 (Figure 1). In
addition to Betaproteobacteria and Firmicutes, the moderately
high pH (pH 8.5–10) wells contained Bacteroidetes as well
as Alpha-, Delta-, and Gammaproteobacteria (Figure 1). The
circumneutral pH wells contained a greater complement of rare
taxa and many taxa that were not present in the high pH wells
(Figure 1).
No archaea were detected in any of the 16S rRNA amplicon
libraries, which were created with the universal primers
targeting the V4 region of the 16S rRNA gene used by the
DOE Joint Genome Institute (Caporaso et al., 2011). In
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addition to 16S rRNA amplicon sequencing, a subset of
the samples (CSW1.1AC, CSW1.3A, QV1.1A, and QV1.2A)
underwent shotgun metagenomic sequencing. To further
investigate the potential presence of archaea in CROMO
fluids the relative abundance of archaea was also assessed by
counting archaeal sequences in the metagenomic datasets.
The number of metagenomic sequences classified as archaea
by MG-RAST (Meyer et al., 2008) did not exceed 1% of
the total sequences in any sample (Table 3). Furthermore,
none of these archaeal metagenomic reads included a 16S
rRNA gene. The bacterial diversity of the metagenomes
exhibited similar abundances of Betaproteobacteria, but
expressed a lower abundance of Clostridia and greater diversity
of other taxa, compared to the 16S rRNA amplicon data
(Figures 1, 2).
Biogeochemical Relationships
One of the main goals of this study was to identify the
geochemical drivers of microbial community composition within
serpentinite subsurface environments. Several physical and
chemical factors are overlain on a multi-dimensional scaling
(MDS) plot of community composition (as measured by
shared 16S rRNA OTUs; Figure 3). The figure highlights
TABLE 3 | Microbial communities at CROMO are dominated by Bacteria.
Well Bacteria Archaea Eukaryotes Viruses Unassigned
CSW1.1 98.3 0.2 1.2 0.1 0.2
QV1.1 97.9 1.1 0.8 0.0 0.1
CSW1.3 98.8 0.7 0.3 0.0 0.1
QV1.2 99.1 0.2 0.5 0.1 0.1
Relative abundance is expressed as percentage of metagenomic sequence reads
assigned to different domains of life via the M5NR database in MG-RAST.
the geochemical variability among the wells and visually
displays the correlated parameters (Figure 3 and Supplementary
Table S1). Community-level differences in the samples can
be seen, such as a differentiation between high pH and
moderate/circumneutral pH samples (Figure 3). A combination
of pH, CO, and CH4 concentrations best explain the bacterial
community composition variability across wells, as determined
by the multivariate BEST test in Primer-6 ((R = 0.83,
p-value = 0.001); Clarke, 1993; Clarke and Gorley, 2006).
Therefore, pairwise Pearson’s correlations among these three
environmental parameters and the relative abundances of all
associated OTUs were visualized with a correlation network
diagram (Figure 4).
FIGURE 2 | Diversity (at class level) within metagenomic assemblies, as determined by MG-RAST (Meyer et al., 2008). Other represents classes with
relative abundance <1% in any sample. No archaeal classes comprised more than 1% of any sample.
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FIGURE 3 | Non-parametric Multi Dimensional Scaling (MDS) plot of microbial community diversity based upon bacterial 16S rRNA gene sequences
using the Bray–Curtis similarity index. Environmental variables that correlated with community composition are represented by vectors in two-dimensional
space. The dark circle represents the length of a vector with perfect correlation (R = 1).
Fluid pH was positively correlated with the two most
abundant OTUs in CSW1.1 (OTU001 and OTU018, classified
as Comamonadaceae and Thermoanaerobacterales SRB-2,
respectively) and negatively correlated with OTU008 (classified
as Azonexus hydrophilus), the dominant betaproteobacterial
OTU in wells with a pH below 10 (Table 2 and Figure 4). The top
OTUs from CSW1.1, OTU001 (classified as Comamonadaceae)
and OTU018 (classified as Thermoanaerobacterales SRB-2),
were negatively correlated with CO concentration. Except for
the betaproteobacterial OTU033, all other OTUs that were
positively correlated with CO concentration belonged to the
alphaproteobacterial order Sphingomonadaceae (Figure 4).
Among the OTUs positively correlated with the abundance of
methane were Betaproteobacteria OTU004, most abundant in
CSW1.2, and Clostridia OTU006, most abundant in CSW1.5
(Table 2 and Figure 4). Additionally, five Gammaproteobacteria
OTUs and three Alphaproteobacteria OTUs, two classes
known to contain aerobic methanotrophs, were also positively
correlated with methane concentration (Figure 4). It should
be stressed, however, that correlation does not necessarily
indicate utilization or production of this compound by the
microorganisms.
The most abundant OTUs in CSW1.1, OTU001
(classified as Comamonadaceae) and OTU018 (classified as
Thermoanaerobacterales SRB-2), were positively correlated
with conductivity, organic acid concentrations, and H2
concentrations, and were negatively correlated with ORP
(Table 2). Two of the most abundant Clostridia OTUs (OTU002
and OTU003), both dominant in QV1.1, were significantly
correlated only with well depth (Table 4). While Table 2 and
the discussion above denote the sample in which each OTU
was most abundant, it should be mentioned that many of those
abundant OTUs were found in multiple samples, though at lower
abundances (Supplementary Figure S2).
Metabolic Potential
To elucidate whether microbes within the serpentinite subsurface
environments are capable of metabolizing the geochemical
products of serpentinization (specifically hydrogen, methane,
acetate, and carbon monoxide) and other environmentally
relevant compounds (specifically carbon dioxide and sulfur
compounds), assembled and annotated metagenomes from four
of the wells were searched for sequences predicted to encode
proteins potentially diagnostic of specific metabolic pathways
of interest (Figure 5). The metagenomes came from samples
CSW1.1AC (pH 12.2), QV1.1A (pH 11.5), CSW1.3A (pH 10.1),
and QV1.2A (pH 7.9). A summary of the metagenomic assembly
statistics can be found in Supplementary Table S2.
To assess the potential for H2 metabolism, genes encoding
[FeFe]-hydrogenase (KEGG ID: K00533) and [NiFe]-
hydrogenases (KEGG ID: K0628, K00436) were sought in
the assembled metagenomes. [FeFe]-hydrogenases, often found
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FIGURE 4 | Network diagram of significant correlations between OTUs and environmental variables identified in BEST analysis as accounting for
83% of the variation in community composition (p-value = 0.001). OTU node size is relative to the maximum abundance of the OTU across the samples. Node
color represents the taxonomic assignment of the OTU at the Phylum/Class level: β-proteobacteria (red), Firmicutes (blue), α-proteobacteria (green), γ-proteobacteria
(teal), Actinobacteria (yellow), and Bacteroidetes (pink). Nodes represent OTUs with a relative abundance >1% of any sample, while OTUs making up >10% of any
sample are labeled with OTU IDs. Positive and negative correlations are represented with blue and green lines, respectively.
in fermentative Clostridia species, are typically involved in the
production of H2 (Vignais et al., 2001; Vignais and Billoud,
2007). [NiFe]-hydrogenases are divided into functional groups:
Group 1 includes membrane-bound uptake hydrogenases;
Group 2 includes H2-sensing hydrogenases; Group 3 includes
cytoplasmic hydrogenases catalyzing reversible hydrogen-
oxidation; and Group 4 includes archaeal H2 production
(Vignais et al., 2001; Vignais and Billoud, 2007). The [NiFe]-
hydrogenases targeted in this analysis are hyaB (K06281), which
is a Group 1 (H2-oxidizing) hydrogenase, and hoxH (K00436),
which is a Group 3d (cytoplasmic) hydrogenase.
The [FeFe]-hydrogenase gene was detected in all four
metagenomes, but was most abundant in QV1.1A (Figure 5).
All of the contigs containing the [FeFe]-hydrogenase sequences
were classified as Clostridia (Table 4). The Group 1 [NiFe]-
hydrogenase (hyaB) was only detected in the moderate pH
CSW1.3A and QV1.2A metagenomes (Figure 5), and the
contigs that contained the gene were classified as Clostridia,
Flavobacteria, Cyanobacteria, and Proteobacteria (Alpha-, and
Beta-; Table 4). The Group 3d [NiFe]-hydrogenase (hoxH), on
the other hand, was detected in all four metagenomes (Figure 5)
and was found on contigs belonging to Betaproteobacteria,
Clostridia, and Alphaproteobacteria. The betaproteobacterial
contigs it was present on were identified as belonging
to Serpentinomonas in CSW1.1AC, QV1.1A, and CSW1.3A
(Table 4).
The metagenomic assemblies were searched for representative
genes of bacterial aerobic methane oxidation (particulate
methane monooxygenase (pmoA; K10944) and methanol
dehydrogenase (mxaF; K14028) and for a representative gene
of archaeal methanogenesis (mcrA; K00399). No pmoA or mcrA
genes were identified in any of the metagenomes. CSW1.3A (pH
10.1) contained mxaF genes (Figure 5) on contigs belonging
to members of the Alphaproteobacteria (Table 4), likely of the
family Methylobacteriaceae, a group of methylotrophs (Lau
et al., 2013) found in low abundance in samples from CSW1.3
(Figure 1).
The acetyl-coA synthase gene (acsB; K14138), suggestive of
acetogenesis via the Wood/Ljungdahl pathway (or reductive
acetyl-coA pathway; Ragsdale and Pierce, 2008), was only
detected in QV1.1A (acetate = 11.2 µM; Table 1) and CSW1.3A
(acetate < 1.55 µM; Table 1 and Figure 5). All instances of the
contigs containing the gene were classified as being closely related
to the clostridium Dethiobacter alkaliphilus (Table 4), which
makes up 11 and 25% of the QV1.1A and CSW1.3A communities,
respectively (Figure 1).
The high pH of the serpentinite environment limits the
availability of CO2, potentially leading to the use of CO as both
an electron donor and an inorganic carbon source. To assess CO
metabolism at CROMO, two forms of CO dehydrogenase were
sought in the metagenomes; coxL (K03520) and cooS (K00198)
were used to identify aerobic and anaerobic CO oxidation,
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respectively. Neither gene was detected in CSW1.1AC, and both
were most abundant in QV1.1A (CO = 0.142 µM; Table 1
and Figure 5). All of the cooS genes detected were on contigs
that belonged to Clostridia, while the coxL genes were more
diverse, belonging to contigs identified as Betaproteobacteria
and Alphaproteobacteria in the moderate to circumneutral wells,
and to the Betaproteobacteria closely related to Serpentinomonas
strain A1 in the high pH wells (Table 4; Suzuki et al., 2014).
Sequences encoding the rbcL gene (K01601) of the RuBisCo
enzyme used in the Calvin–Benson–Bassham cycle were
detected in all four metagenomes (Figure 5). In CSW1.1AC
and QV1.1A, rbcL genes were found on contigs with high
similarity to Serpentinomonas strain B1 (Table 4; Suzuki et al.,
2014). The sequences detected in CSW1.3A also belonged to
Betaproteobacteria, but of the family Burkholderiaceae (unlike
the Comamonadaceae found in the higher pH wells), and the
rbcL sequences from QV1.2A were more diverse, identified on
contigs as coming from Sphingobacteria and Bacilli, as well as
Betaproteobacteria (Table 4).
The potential metabolism of sulfur compounds was assessed
by searching for dissimilatory sulfite reductase (dsrA; K11180)
and dissimilatory adenosine-5′-phosphosulfate reductase (aprA;
K00394). Both genes were detected at high abundance in QV1.1A
and at low abundance in CSW1.3A (Figure 5). In both QV1.1A
and CSW1.3A the contigs containing aprA and dsrA were
classified as Clostridia (Table 4), and both of these samples
contained a relatively high abundance of Dethiobacter sp. and
SRB-2 (Figure 1). In contrast, neither gene was detected in wells
CSW1.1AC or QV1.2A.
DISCUSSION
Serpentinite Environment at CROMO
The geochemical variability among multiple wells at CROMO
allowed us to distinguish groundwater with varying degrees
of influence from subsurface serpentinization processes. For
example, the shallow CSW1.4 and QV1.2 wells produced pH
∼8 water that had comparatively high levels of DO, DIC, and
ORP (Table 1), which is consistent with oxygenated water that
was recently exposed to the surface and was not noticeably
affected by serpentinization. In contrast, the CSW1.1 well
(pH 12.2) exhibited high conductivity and high concentrations
of H2 and small organic molecules (Table 1), consistent
with water heavily influenced by subsurface serpentinization-
associated reactions. Furthermore, CSW1.1 has remarkably low
bacterial diversity, suggesting that it represents the most extreme
window into the serpentinite subsurface. Other wells have
weaker serpentinization signatures, such as that of CSW1.3,
which is almost as deep as CSW1.1 and has almost as
much H2, but its water is pH ∼10, suggesting a dilution
of serpentinization-influenced water with shallower, surface-
influenced water.
It should be noted that all of the wells, save CSW1.1 and
QV1.1, were cased with PVC pipe upon drilling, essentially
isolating the flow of water into the wells (Cardace et al., 2013).
The larger diameter CSW1.1 and QV1.1 wells remained uncased,
Frontiers in Microbiology | www.frontiersin.org 11 March 2017 | Volume 8 | Article 308
fmicb-08-00308 February 27, 2017 Time: 16:48 # 12
Twing et al. Microbial Communities in Serpentinizing Groundwater
FIGURE 5 | Relative abundance of protein-encoding genes (with KEGG IDs) in each metagenomic assembly, normalized to reads per Kb and
metagenome size.
and therefore, could experience some fluid input from above the
drilled depth, which suggests that true serpentinite end-member
fluids could be even more extreme than those measured here.
Bacterial diversity trends across the CROMO wells are
remarkably consistent with the geochemistry of the wells. The
overall bacterial community compositions of water from the
most serpentinization-influenced (CSW1.1 and QV1.1) wells are
tightly correlated with pH, organic acid concentrations, and low
ORP values (Figure 3). Conversely, the community compositions
of shallow, pH 7.8–9 wells (CSW1.2, CSW1.4 and QV1.2) are
more tightly coupled to higher ORP, DO, and DIC, which is
consistent with the interpretation of geochemistry data that these
wells represent mixing of surface waters and serpentinization-
influenced groundwater.
The distributions of individual genes, as measured by
metagenomic sequencing, are also consistent with these
biogeochemical trends. For example, genes involved in CO
oxidation were completely absent in the well (CSW1.1) with the
lowest concentration of CO, and these genes were present in
each of the other three metagenomes (Table 1 and Figure 5).
Genes associated with methane metabolism were surprisingly
rare in the CROMO metagenomes, but one gene involved in
bacterial methane oxidation (mxaF) was found in CSW1.3,
which contains higher methane concentrations than the other
three wells with metagenomes (Table 1 and Figure 5).
Betaproteobacteria
Serpentinomonas is a newly proposed genus within family
Comamonadaceae currently represented by three strains isolated
from the Cedars, another site of subsurface serpentinization in
northern California (Suzuki et al., 2014). An OTU with 100%
sequence identity to Serpentinomonas B1 comprised over 50% of
environmental 16S rRNA gene sequences from CSW1.1 (pH 12.2)
and over 25% of sequences from QV1.1 (pH 11.5) and has been
detected in CROMO wells at other time points (Crespo-Medina
et al., 2014). The abundance of this OTU was positively correlated
with pH, H2, conductivity, and organic acids and negatively
correlated with ORP and CO (Figure 1 and Table 2).
Each strain of Serpentinomonas (A1, B1, and H1) from the
Cedars contains slightly different genes with regards to nitrate
reduction, hydrogen oxidation, and carbon fixation (Suzuki
et al., 2014). All strains are capable of CO2-fixation via the
Calvin–Benson–Bassham cycle and contain the rbcL gene coding
for the RuBisCo enzyme, which was detected in all four
metagenomes from CROMO wells and was most abundant in
CSW1.1 (Figure 5). The coxL gene (involved in aerobic CO
oxidation) is found only in Serpentinomonas A1 and was detected
in QV1.1, but not CSW1.1 in this study, suggesting different
phylotypes of the abundant organism in different wells (Figure 5
and Table 4). Only the H1 strain of Serpentinomonas contains
the Group 1 [NiFe]-hydrogenase hydrogen-oxidation gene hyaB,
which was not detected in either of the wells with extreme pH
(Figure 5). However, Group 3d [NiFe]-hydrogenases, which are
cytoplasmic hydrogenases capable of reversible H2-oxidation,
are found in all three strains of Serpentinomonas (Suzuki et al.,
2014) and were detected in all four CROMO wells (Figure 5).
Serpentinomonas strains containing Group 3d (and not Group
1) [NiFe]-hydrogenase genes were experimentally shown to
oxidize hydrogen to support autotrophic growth, so it has been
speculated that Group 3d [NiFe]-hydrogenase genes, such as
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hoxH, might be the key to H2 metabolism in these organisms
(Suzuki et al., 2014). None of the Serpentinomonas strains contain
ACS, cooS, aprA, or dsrA (Suzuki et al., 2014), and none of
those genes were detected in CSW1.1, where Serpentinomonas
dominated the community (Figures 1, 5). These data support
interpretations (Schrenk et al., 2013) that Serpentinomonas-
like organisms are hydrogen-oxidizing, carbon-fixing members
of serpentinite-hosted ecosystems, able to persist at extreme
pH and thrive on the chemical disequilibrium of the mixing
zone between anoxic end-member and oxygenated surface
fluids.
The most abundant betaproteobacterial OTU found in QV1.2
(pH 7.9) was OTU008, which made up 33.1 ± 6.8% of the total
community and exhibited 100% sequence identity to Azonexus
hydrophilus (family Rhodocyclaceae; Table 2 and Figure 1). This
organism is a motile, non-spore-forming aerobe isolated from
freshwater springs in Taiwan and Korea (Chou et al., 2008), and
it has a circumneutral optimal growth pH. In this study, OTU004
exhibited a negative correlation with pH, which is consistent
with a circumneutral optimal growth pH. It has been detected
in sewage treatment facilities (Auguet et al., 2015; Yan et al.,
2015) and coal bed methane environments (Guo et al., 2012),
as well as in the deep subsurface (Ise et al., 2016; Jangir et al.,
2016). In QV1.2A, Group 1 [NiFe]-hydrogenase gene hyaB and
the rbcL gene of RuBisCo were detected on contigs identified
as Azonexus hydrophilus (Supplementary Dataset S1), suggesting
that these Betaproteobacteria are involved in H2-oxidation and
carbon fixation in the moderate wells.
Alicycliphilus denitrificans made up 32.9% of CSW1.2 (pH
9.3), making it the most abundant betaproteobacterial OTU in
the sample (Figure 1 and Table 2). This organism is a facultative
denitrifying bacterium that can use acetate as a carbon source
(Mechichi et al., 2003). OTU004 (classified as A. denitrificans)
was positively correlated with methane (Table 2), but this
organism is not known to be involved in methane cycling.
Clostridia
Clostridia have been detected at sites of continental
serpentinization around the world (Brazelton et al., 2012,
2013; Suzuki et al., 2013; Tiago and Veríssimo, 2013; Woycheese
et al., 2015), where they are thought to inhabit the anoxic end-
member serpentinite fluids (Schrenk et al., 2013). An abundance
of [FeFe]-hydrogenases belonging to Clostridia in metagenomic
data from serpentinite springs (Brazelton et al., 2012) suggests
that these abundant organisms are producing H2, but additional
clues to their physiology and ecology are lacking.
Operational taxonomic units classified as Clostridia were very
abundant in the high pH wells at CROMO. The clostridial
OTUs at CROMO were either classified as Dethiobacter,
Thermoanaerobacterales SRB-2, or unclassified Clostridia. The
most extreme well, CSW1.1 (pH 12.2), contained 13.9 ± 6.5%
Clostridia, mostly represented by an OTU classified as SRB-2.
QV1.1 (pH 11.5) displayed a greater abundance and diversity of
Clostridia, as well as a shift in clostridial community composition
between field replicates (Figure 1). The deeper QV1.1 samples
(field replicates A/B) had more SRB-2 and fewer Dethiobacter
than in waters naturally found higher up in the well (i.e., filtered
later as water was drawn down).
Dethiobacter alkaliphilus is an anaerobic alkaliphile that was
originally isolated from a Mongolian soda lake; it utilizes
H2 as an electron donor, sulfur compounds (S◦, thiosulfate,
polysulfide) as electron acceptors, and acetate as a carbon source
(Sorokin et al., 2008). Dethiobacter has been detected at sites
of continental serpentinization and is hypothesized to live in
the deep, anoxic serpentinite end-member fluids (Brazelton
et al., 2012; Suzuki et al., 2013; Tiago and Veríssimo, 2013;
Crespo-Medina et al., 2014; Woycheese et al., 2015). Crespo-
Medina et al. (2014) detected growth in CROMO microcosms
dominated by D. alkaliphilus with H2-headspace and the addition
of thiosulfate with either acetate or methane as a carbon source.
It should be noted that since there is no known mechanism
for Clostridia to consume methane, it is believed there was
a cryptic organism within the microcosms making methane-
derived carbon bioavailable to Dethiobacter (Crespo-Medina
et al., 2014). In the QV1.1A metagenome, the genes attributed
to Dethiobacter are hoxH (H2 sensing), FeFe-hydrogenase (H2-
production), acsB (acetogenesis), and cooS (anaerobic CO-
oxidation) (Table 4). These data suggest that the abundant
Dethiobacter encode several metabolic pathways that might allow
them to adapt to changing conditions in the subsurface or in the
well water.
Members of the family Thermoanaerobacterales, identified as
belonging to the SRB-2 lineage, were abundant in CSW1.1 and
QV1.1 (Figure 1). The SRB-2 OTUs share high sequence identity
with clones from CVA fluids and the Cedars (Table 2; Suzuki
et al., 2013; Tiago and Veríssimo, 2013). Not much is known
about this uncultivated group, but the Thermoanaerobacterales
include organisms capable of sulfate reduction (Pereira et al.,
2011), fermentative acetate oxidation (Oehler et al., 2012),
fermentative hydrogen production (Rittmann and Herwig,
2012), and homoacetogenesis (Ljungdahl, 1994). The [FeFe]-
hydrogenase and acsB genes detected in the metagenomes could
not be classified at the family level (with some exceptions,
see Table 4) but they were all classified as Clostridia,
consistent with SRB-2 and perhaps other unclassified Clostridia
as potentially acetogenic, sulfur-reducing alkaliphiles in the
subsurface serpentinite fluids.
Sequences belonging to Erysipelotrichia (another class of
the phylum Firmicutes) were inferred to represent the most
likely inhabitants of serpentinite end-member fluids exiting
from springs at the Tablelands, Newfoundland (Brazelton et al.,
2013). An OTU classified as genus Erysipelothrix was found
in three moderately high pH CROMO wells, but in none of
the other wells (Figure 1). None of the protein-coding genes
in the CROMO metagenomes were classified as Erysipelothrix
(Table 4).
Other Community Members
All of the OTUs in CSW1.1 and QV1.1 that made up greater than
1% of sequences in either well belonged to the Betaproteobacteria
or Clostridia. Furthermore, all of the metagenomic contigs
containing key genes of interest from these two wells were
classified as one of these two classes of bacteria (Table 4). The
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moderately high pH and circumneutral wells exhibited slightly
higher diversity in not only 16S rRNA genes (Figure 1), but also
in the variety and taxonomic classification of protein-encoding
genes (Figure 5 and Table 4). Additional bacterial taxa in these
wells included Alphaproteobacteria, Deltaproteobacteria, and
Bacteroidetes. These results suggest that a breadth of organisms
are capable of using products of serpentinization, but might be
restricted by the extreme pH conditions in wells containing a
greater degree of end-member fluids.
It is notable that archaea were absent from all CROMO
16S rRNA sequences and were very rare (1% or less of
sequences) in the metagenomic data (Table 3). Studies of
other sites of continental serpentinization, in contrast, have
detected methanogenic Euryarchaeota (Suzuki et al., 2013; Tiago
and Veríssimo, 2013). Methane isotopologue analyses have
suggested that the methane at CROMO displays a thermogenic
signature, while methane from the nearby Cedars site (from
which Serpentinomonas was isolated) has a more microbial
signature (Wang et al., 2015). These isotope geochemistry
results are consistent with the lack of methanogens in CROMO
wells. Additionally, OD-1 and Chloroflexi, both of which are
bacteria that Suzuki et al. (2013) hypothesized to be endemic
to end-member serpentinite fluids, were not detected in any
of the CROMO fluids. Therefore, the subsurface fluids in
CROMO wells appear to be an unfavorable environment for
several microorganisms that are abundant in other sites of
serpentinization.
CONCLUSION
By studying groundwater with a range of geochemical
characteristics, we were able to identify the bacterial taxa with
the strongest correlations to the environmental variables (such
as pH, CO, and CH4) indicative of subsurface serpentinization
processes. These data suggest that various Clostridia taxa are
potentially capable of anaerobic CO-oxidation, acetogenesis,
and the reduction of sulfur compounds in extremely high pH,
anoxic subsurface fluids heavily influenced by serpentinization,
while microaerophilic Serpentinomonas (Betaproteobacteria) are
capable of H2-oxidation and CO2-fixation (and in some cases,
aerobic CO-oxidation) in mixing zones where deep, anoxic fluids
interact with oxygenated surface waters. These data provide
tractable targets for further biogeochemical and microbiological
analyses of serpentinite-hosted microbial ecosystems at CROMO
and elsewhere.
The results of this study support those of other recent studies
of serpentinite-hosted ecosystems that have identified a few key
bacterial taxa that are common to such systems. Furthermore,
our results significantly expand our current understanding
of the microbial ecology of subsurface, serpentinite-hosted
ecosystems. Previously, studies of the microbiology of continental
serpentinites have focused on opportunistic sampling from a
small number of surface-exposed sites (Brazelton et al., 2012;
Suzuki et al., 2013; Tiago and Veríssimo, 2013). Because
these studies must sample the surface expression of subsurface
processes, identifications of taxa that are truly endemic to the
subsurface must be indirect inferences that rely on assumptions
of hydrology and sampling methodology. By directly accessing
the serpentinite subsurface using wells at CROMO, we were
able to observe subsurface microbial communities that had not
directly experienced the surface processes that influence the
composition of microbial communities sampled from springs.
Furthermore, access to the groundwater revealed the absence
of several taxa that were identified as key members of other
serpentinite-hosted ecosystems, which highlights the remarkably
low diversity of organisms apparently capable of thriving in these
high pH subsurface fluids.
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FIGURE S1 | Microbial community structure. (A) Rarefaction analysis of 16S
rRNA amplicon sequences. Multiple samples from the same well represent field
replicates. (B) Community similarity dendrogram calculated from Bray-Curtis
index. Samples connected by red lines are not distinguishable from one another
by a SIMPROF test and ANOSIM analysis indicated that there is a significant
difference in community composition between wells (R = 0.9, p-value < 0.05).
FIGURE S2 | Heatmap of most abundant OTUs and geochemical
parameters across all samples. Dendrogram at the top represents community
similarity between samples and red lines indicate no statistical difference between
field replicates, as determined by SIMPROF (Clarke, 1993).
Frontiers in Microbiology | www.frontiersin.org 14 March 2017 | Volume 8 | Article 308
fmicb-08-00308 February 27, 2017 Time: 16:48 # 15
Twing et al. Microbial Communities in Serpentinizing Groundwater
REFERENCES
Albert, D., and Martens, C. (1997). Determination of low-molecular-weight
organic acid concentrations in seawater and pore-water samples via HPLC.
Mar. Chem. 56, 27–37. doi: 10.1016/S0304-4203(96)00083-7
Anders, S., Pyl, P. T., and Huber, W. (2014). HTSeq: a Python framework
to work with high-throughput sequencing data. Bioinformatics 31, 166–169.
doi: 10.1093/bioinformatics/btu638
Auguet, O., Pijuan, M., Guasch-Balcells, H., Borrego, C. M., and Gutierrez, O.
(2015). Implications of downstream nitrate dosage in anaerobic sewers to
control sulfide and methane emissions. Water Res. 68, 522–532. doi: 10.1016/
j.watres.2014.09.034
Barnes, I., and O’Neil, J. R. (1971). Calcium-magnesium carbonate solid solutions
from Holocene conglomerate cements and travertines in the Coast Range
of California. Geochmi. Cosmochim. Acta 35, 699–718. doi: 10.1016/0016-
7037(71)90068-8
Brazelton, W. J., Morrill, P. L., Szponar, N., and Schrenk, M. O. (2013). Bacterial
communities associated with subsurface geochemical processes in continental
serpentinite springs. Appl. Environ. Microbiol. 79, 3906–3916. doi: 10.1128/
AEM.00330-13
Brazelton, W. J., Nelson, B., and Schrenk, M. O. (2012). Metagenomic evidence for
H2 oxidation and H2 production by serpentinite-hosted subsurface microbial
communities. Front. Microbiol. 2:268. doi: 10.3389/fmicb.2011.00268
Brazelton, W. J., Schrenk, M. O., Kelley, D. S., and Baross, J. A. (2006).
Methane- and sulfur-metabolizing microbial communities dominate the Lost
City Hydrothermal Field ecosystem. Appl. Environ. Microbiol. 72, 6257–6270.
doi: 10.1128/AEM.00574-06
Campanella, J. J., Bitincka, L., and Smalley, J. (2003). MatGAT: an application that
generates similarity/identity matrices using protein or DNA sequences. BMC
Bioinformatics 4:29. doi: 10.1186/1471-2105-4-29
Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Huntley, J., Fierer, N.,
et al. (2011). Ultra-high-throughput microbial community analysis on the
Illumina HiSeq and MiSeq platforms. ISME J. 6, 1621–1624. doi: 10.1038/ismej.
2012.8
Cardace, D., Hoehler, T. M., McCollom, T. M., Schrenk, M. O., Carnevale, D.,
Kubo, M. D., et al. (2013). Establishment of the Coast Range ophiolite microbial
observatory (CROMO): drilling objectives and preliminary outcomes. Sci. Drill.
16, 45–55. doi: 10.5194/sd-16-45-2013
Cardace, D., Meyer-Dombard, D. R., Woycheese, K. M., and Arcilla, C. A. (2015).
Feasible metabolisms in high pH springs in the Philippines. Front. Microbiol.
6:10. doi: 10.3389/fmicb.2015.00010
Chivian, D., Brodie, E. L., Alm, E. J., Culley, D. E., Dehal, P. S., Desantis, T. Z., et al.
(2008). Environmental genomics reveals a single-species ecosystem deep within
Earth. Science 322, 275–278. doi: 10.1126/science.1155495
Chou, J. H., Jiang, S. R., Cho, J. C., Song, J., Lin, M. C., and Chen, W. M. (2008).
Azonexus hydrophilus sp. nov., a novel nifH gene-harboring bacterium isolated
from freshwater. Int. J. Syst. Evol. Microbiol. 58, 946–951. doi: 10.1099/ijs.0.
65434-0
Clarke, K. R. (1993). Non-parametric multivariate analyses of changes in
community structure. Aust. J. Ecol. 18, 117–143. doi: 10.1111/j.1442-9993.1993.
tb00438.x
Clarke, K. R., and Gorley, R. N. (2006). PRIMER v6: User Manual/Tutorial.
Plymouth, MN: PRIMER-E.
Crespo-Medina, M., Twing, K. I., Kubo, M. D., Hoehler, T. M., Cardace, D.,
McCollom, T. M., et al. (2014). Insights into environmental controls
on microbial communities in a continental serpentinite aquifer using a
microcosm-based approach. Front. Microbiol. 5:604. doi: 10.3389/fmicb.2014.
00604
Edwards, K. J., Fisher, A. T., and Wheat, C. G. (2012). The deep subsurface
biosphere in igneous ocean crust: frontier habitats for microbiological
exploration. Front. Microbiol. 3:8. doi: 10.3389/fmicb.2012.00008
Engel, A. S., Stern, L. A., and Bennett, P. C. (2004). Microbial contribution to cave
formation: new insights into sulfuric acid speleogenesis. Geology 32, 369–372.
doi: 10.1130/G20288.1
Fuhrman, J., and Steele, J. (2008). Community structure of marine
bacterioplankton: patterns, networks, and relationships to function. Aquat.
Microb. Ecol. 53, 69–81. doi: 10.3354/ame01222
Guo, H., Yu, Z., Liu, R., Zhang, H., Zhong, Q., and Xiong, Z. (2012).
Methylotrophic methanogenesis governs the biogenic coal bed methane
formation in Eastern Ordos Basin. China. Appl. Microbiol. Biotechnol. 96,
1587–1597. doi: 10.1007/s00253-012-3889-3
Hanson, N. W., Konwar, K. M., and Hallam, S. J. (2016). LCA: an entropy-
based measure for taxonomic assignment within assembled metagenomes.
Bioinformatics 32, 3535–3542. doi: 10.1093/bioinformatics/btw400
Hawley, E. R., Piao, H., Scott, N. M., Malfatti, S., Pagani, I., Huntemann, M.,
et al. (2014). Metagenomic analysis of microbial consortium from nature crude
oil that seeps into the marine ecosystem offshore Southern California. Stand.
Genomic Sci. 9, 1259–1274. doi: 10.4056/sigs.5029016
Hobbie, J. E., Daley, R. J., and Jasper, S. (1977). Use of nucleopore filters for
counting bacteria by fluorescence microscopy. Appl. Environ. Microbiol. 33,
1225–1228.
Hyatt, D., Chen, G. L., Locascio, P. F., Land, M. L., Larimer, F. W., and Hauser,
L. J. (2010). Prodigal: prokaryotic gene recognition and translation initiation
site identification. BMC Bioinformatics 11:119. doi: 10.1186/1471-2105-11-119
Ise, K., Sasaki, Y., Amano, Y., Iwatsuki, T., Nanjo, I., Asano, T., et al. (2016). The
succession of bacterial community structure in groundwater from a -250-m
gallery in the Horonobe Underground Research Laboratory. Geomicrobiol. J.
doi: 10.1080/01490451.2016.1152329
Itävaara, M., Nyyssönen, M., Kapanen, A., Nousiainen, A., Ahonen, L., and
Kukkonen, I. (2011). Characterization of bacterial diversity to a depth of 1500
m in the Outokumpu deep borehole, Fennoscandian Shield. FEMS Microbiol.
Ecol. 77, 295–309. doi: 10.1111/j.1574-6941.2011.01111.x
Jangir, Y., French, S., Momper, L. M., Moser, D. P., Amend, J. P., and El-
Naggar, M. Y. (2016). Isolation and characterization of electrochemically active
subsurface Delftia and Azonexus species. Front. Microbiol. 7:756. doi: 10.3389/
fmicb.2016.00756
Kallmeyer, J., Pockalny, R., Adhikari, R. R., Smith, D. C., and D’Hondt, S.
(2012). Global distribution of microbial abundance and biomass in subseafloor
sediments. Proc. Natl. Acad. Sci. U.S.A. 109, 16213–16216. doi: 10.1073/pnas.
1203849109
Kelley, D. S., Karson, J. A., Früh-Green, G. L., Yoerger, D. R., Shank, T. M.,
Butterfield, D. A., et al. (2005). A serpentinite-hosted ecosystem: the Lost City
Hydrothermal Field. Science 307, 1428–1434. doi: 10.1126/science.1102556
Lau, E., Fisher, M. C., Steudler, P. A., and Cavanaugh, C. M. (2013). The methanol
dehydrogenase gene, mxaF, as a functional and phylogenetic marker for
proteobacterial methanotrophs in natural environments. PLoS ONE 8:e56993.
doi: 10.1371/journal.pone.0056993
Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with
Burrows-Wheeler Transform. Bioinformatics. 25, 1754–1760. doi: 10.1093/
bioinformatics/btp324
Ljungdahl, L. G. (1994). “The acetyl-CoA pathway and the chemiosmotic
generation of ATP during acetogenesis,” in Acetogenesis, ed. H. L. Drake
(New York, N.Y: Chapman & Hall), 63–87. doi: 10.1007/978-1-4615-1777-1_2
Luo, R., Liu, B., Xie, Y., Li, Z., Huang, W., Yuan, J., et al. (2012). SOAPdenovo2:
an empirically improved memory-efficient short-read denovo assembler.
GigaScience 1:18. doi: 10.1186/2047-217X-1-18
McCollom, T. M., and Seewald, J. S. (2007). Abiotic synthesis of organic
compounds in deep-sea hydrothermal environments. Chem. Rev. 107, 382–401.
doi: 10.1021/cr0503660
Mechichi, T., Stackebrandt, E., and Fuchs, G. (2003). Alicucliphilus
denitrificans gen. nov. sp. nov., a cyclohexanol-degrading, nitrate-
reducing ß-proteobacterium. Int. J. Syst. Evol. Microbiol. 53, 147–152.
doi: 10.1099/ijs.0.02276-0
Meyer, F., Paarmann, D., D’Souza, M., Olson, R., Glass, E. M., Kubal, M., et al.
(2008). The metagenomics RAST server: a public resource for the automatic
phylogenetic and functional analysis of metagenomes. BMC Bioinformatics
9:386. doi: 10.1186/1471-2105-9-386
Northrup, D. E., and Lavoie, K. H. (2001). Geomicrobiology of caves:
a review. Geomicrobiol. J. 18, 199–222. doi: 10.1080/01490450152
467750
Oehler, D., Poehlein, A., Leimbach, A., Muller, N., Daniel, R., Gottschalk, G., et al.
(2012). Genome-guided analysis of physiological and morphological traits of
the fermentative acetate oxidizer Thermoacetogenium phaeum. BMC Genomics
13:723. doi: 10.1186/1471-2164-13--723
Frontiers in Microbiology | www.frontiersin.org 15 March 2017 | Volume 8 | Article 308
fmicb-08-00308 February 27, 2017 Time: 16:48 # 16
Twing et al. Microbial Communities in Serpentinizing Groundwater
Ogata, H., Goto, S., Sato, K., Fujibuchi, W., Bono, H., and Kanehisa, M. (1999).
KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 27, 29–34.
doi: 10.1093/nar/27.1.29
Onstott, T. C., Moser, D. P., Pfiffner, S. M., Fredrickson, J. K., Brockman, F. J.,
Phelps, T. J., et al. (2003). Indigenous and contaminant microbes in ultradeep
mines. Environ. Microbiol. 5, 1168–1191. doi: 10.1046/j.1462-2920.2003.
00512.x
Oosterkamp, M. J., Veuskens, T., Plugge, C. M., Langenhoff, A. A., Gerritse, J.,
van Berkel, W. J., et al. (2011). Genome sequences of Alicycliphilus denitrificans
strains BC and K601. J. Bacteriol. 193, 5028–5029. doi: 10.1128/JB.00365-11
Pereira, I. A., Ramos, A. R., Grein, F., Margques, M. C., de Silva, S., and Venceslau,
S. S. (2011). A comparative genomic analysis of energy metabolism in sulfate
reducing bacteria and archaea. Front. Microbiol. 2:69. doi: 10.3389/fmicb.2011.
00069
Proskurowski, G., Lilley, M. D., Seewald, J. S., Früh-Green, G. L., Olson, E. J.,
Lupton, J. E., et al. (2008). Abiogenic hydrocarbon production at Lost City
Hydrothermal Field. Science 319, 604–607. doi: 10.1126/science.1151194
Pruesse, E., Quast, C., Knittel, K., Fuchs, B. M., Ludwig, W., Peplies, J., et al.
(2007). SILVA: a comprehensive online resource for quality checked and aligned
ribosomal RNA sequence data compatible with ARB. Nucleic Acids Res. 35,
7188–7196. doi: 10.1093/nar/gkm864
Ragsdale, S. W., and Pierce, E. (2008). Acetogenesis and the Wood-Ljungdahl
pathway of CO2 fixation. Biochim. Biophys. Acta 1784, 1873–1898. doi: 10.1016/
j.bbapap.2008.08.012
Rittmann, S., and Herwig, C. (2012). A comprehensive and quantitative review
of dark fermentative biohydrogen production. Microb. Cell Fact. 11:115. doi:
10.1186/1475-2859-11-115
Rizopoulos, D. (2006). ltm: an R package for latent variable modeling. J. Stat. Softw.
17:5. doi: 10.18637/jss.v017.i05
Schloss, P. D., and Westcott, S. L. (2011). Assessing and improving methods used
in operational taxonomic unit-based approaches for 16S rRNA gene sequence
analysis. Appl. Environ. Microbiol. 77, 3219–3226. doi: 10.1128/AEM.02810-10
Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister,
E. B., et al. (2009). Introducing mothur: open-source, platform-independent,
community-supported software for describing and comparing microbial
communities. Appl. Environ. Microbiol. 75, 7537–7541. doi: 10.1128/AEM.
01541-09
Schrenk, M. O., Brazelton, W. J., and Lang, S. Q. (2013). Serpentinization, carbon
and deep life. Rev. Miner. Geochem. 75, 575–606. doi: 10.2138/rmg.2013.75.18
Schrenk, M. O., Kelley, D. S., Bolton, S. A., and Baross, J. A. (2004). Low
archaeal diversity linked to subseafloor geochemical processes at the Lost City
Hydrothermal Field, Mid-Atlantic Ridge. Environ. Microbiol. 6, 1086–1095.
doi: 10.1111/j.1462-2920.2004.00650.x
Schrenk, M. O., Kelley, D. S., Delaney, J. R., and Baross, J. A. (2003). Incidence
and diversity of microorganisms within the walls of an active deep-sea sulfide
chimney. Appl. Environ. Microbiol. 69, 3580–3592. doi: 10.1128/AEM.69.6.
3580-3592.2003
Seeman, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics
14, 2069–2069. doi: 10.1093/bioinformatics/btu153
Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D.,
et al. (2003). Cytoscape: a software environment for integrated models of
biomolecular interaction networks. Genome Res. 13, 2498–2504. doi: 10.1101/
gr.1239303
Sommer, D. D., Delcher, A. L., Salzberg, S. L., and Pop, M. (2007). Minimus: a fast,
lightweight genome assembler. BMC Bioinformatics 8:64. doi: 10.1186/1471-
2105-8-64
Sorokin, D. Y., Tourova, T. P., Muβmass, M., and Muyzer, G. (2008). Dethiobacter
alkaliphilus gen. nov. sp. nov., and Desulfurivibrio alkaliphilus gen. nov. sp.
nov.: two novel representatives of reductive sulfur cycle from soda lakes.
Extremophiles 12, 431–439. doi: 10.1007/s00792-008-0148-8
Stevens, T. O., and McKinley, J. P. (1995). Lithoautotrophic microbial ecosystems
in deep basalt aquifers. Science 270, 450–454. doi: 10.1126/science.270.5235.450
Suzuki, S., Ishii, S., Wu, A., Cheung, A., Tenney, A., Wanger, G., et al. (2013).
Microbial diversity in The Cedars, an ultrabasic, ultrareducing, and low salinity
serpentinizing ecosystem. Proc. Natl. Acad. Sci. U.S.A. 110, 15336–15341.
doi: 10.1073/pnas.1302426110
Suzuki, S., Kuenen, J. G., Schipper, K., van der Velde, S., Ishii, S., Wu, A.,
et al. (2014). Physiological and genomic features of highly alkaliphilic
hydrogen-utilizing Betaproteobacteria from a continental serpentinizing site.
Nat. Commun. 5:3900. doi: 10.1038/ncomms4900
Tiago, I., and Veríssimo, A. (2013). Microbial and functional diversity of a
subterrestrial high pH groundwater associated to serpentinization. Environ.
Microbiol. 15, 1687–1706. doi: 10.1111/1462-2920.12034
Vignais, P. M., and Billoud, B. (2007). Occurrence, classification, and biological
function of hydrogenases: an overview. Chem. Rev. 107, 4206–4272. doi: 10.
1021/cr050196r
Vignais, P. M., Billoud, B., and Meyer, J. (2001). Classification and phylogeny
of hydrogenases. FEMS Microbiol. 25, 455–501. doi: 10.1111/j.1574-6976.2001.
tb00587.x
Wang, D. T., Gruen, D. S., Lollar, B. S., Hinrichs, K. U., Stewart, L. C., Holden, J. F.,
et al. (2015). Nonequilibrium clumped isotope signals in microbial methane.
Science 348, 428–431. doi: 10.1126/science.aaa4326
Whitman, W. B., Coleman, D. C., and Weibe, W. J. (1998). Prokaryotes: the unseen
majority. Proc. Natl. Acad. Sci. U.S.A. 95, 6578–6583. doi: 10.1073/pnas.95.12.
6578
Woycheese, K. M., Meyer-Dombard, D. R., Cardace, D., Argayosa, A. M.,
and Arcilla, C. A. (2015). Out of the dark: transitional subsurface-to-
surface microbial diversity in a terrestrial serpentinizing seep (Manleluag,
Pangasiana, the Philippines). Front. Microbiol. 6:44. doi: 10.3389/fmicb.2015.
00044
Yan, P., Wang, J., Chen, Y.-P., Ji, F.-Y., Shen, Y., Fang, F., et al. (2015). Investigation
of microbial community structure in an advanced activated sludge side-stream
reactor process with alkaline treatment. Int. Biodeter. Biodegr. 104, 356–362.
doi: 10.1016/j.ibiod.2015.07.003
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2017 Twing, Brazelton, Kubo, Hyer, Cardace, Hoehler, McCollom and
Schrenk. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
Frontiers in Microbiology | www.frontiersin.org 16 March 2017 | Volume 8 | Article 308
